Evidence is presented that DNA polymerase of avian myeloblastosis virus has an obligatory zinc requirement for activity. Previous studies indicate that the purified polymerase contains zinc in a stoichiometry of about 1 g-atom/mole. We now find that the enzyme-bound zinc is exchangeable with radioactive 65Zn; after isoelectric focusing, the radioactive 65Zn is coincident with polymerase activity. Dialysis of the 65Zn-labeled polymerase against the chelator, 1,10-phenanthroline, results in a progressive loss of radioactive 65Zn and polymerase activity. Thereupon, incubation of the inactivated enzyme with Zn2+ fully restores activity. Thus, the DNA polymerase present in an oncogenic RNA virus, like animal DNA polymerases, can be rigorously classified as a zinc metalloenzyme. DNA polymerase of avian myeloblastosis virus is inactivated by 1,10-phenanthroline at a much faster rate than the bacterial and animal DNA polymerases that have been tested. It may, therefore, be possible to inactivate selectively DNA polymerases from animal tumor viruses by brief exposure to appropriate metal chelators.
Recent metal analysis and inhibition by chelating agents suggest that DNA polymerases are zinc metalloenzymes. Homogeneous DNA polymerase I of Escherichia coli has been shown to contain 1.0 + 0.15 g-atom of zinc per mole of enzyme (1, 2) . Removal of zinc is accompanied by a proportional loss of activity; addition of zinc to the apoenzyme results in full restoration of activity (2) . DNA polymerases from sea urchin nuclei (1) and T4 bacteriophage (2) have also been shown to contain zinc in stoichiometric amounts. In addition, partially purified DNA polymerases from phylogenetically divergent sources are inhibited by metal chelators (1) (2) (3) (4) (5) . These correlated findings suggest that DNA polymerases generically are zinc metalloenzymes.
Since the DNA polymerases present in RNA tumor viruses can copy RNA templates, it was initially thought that the mechanism for catalysis of viral polymerases was different from that of cellular polymerases. For this reason they were termed "reverse transcriptases." However, the ability to copy RNA does not appear to be a unique property of viral enzymes; recently E. coli DNA polymerase I has been shown to copy faithfully a variety of natural RNA templates (6) (7) (8) . Also, metal and substrate requirements for catalysis by viral and cellular polymerases appear to be similar, if not identical. It is therefore crucial to determine if viral polymerases are also zinc metalloenzymes. Zinc has been found in the purified "reverse transcriptase" from avian myeloblastosis virus by us, using atomic absorption spectroscopy (9) , and independently by Auld et al., using microwave induced emission spectrometry (10, 11) . However, in order to establish this enzyme as a zinc metalloenzyme, it is necessary to show an obligatory requirement of zinc for enzymatic activity (12) . We now report evidence for such a requirement. The removal of zinc from avian myeloblastosis DNA polymerase results in loss of activity. The readdition of zinc entirely restores activity.
MATERIALS AND METHODS
Purification of DNA Polymerases. Avian myeloblastosis virus (AMV) was initially isolated from the plasma of infected chickens by velocity and equilibrium centrifugation as described (13) . The holoenzyme was purified from the isolated virus by chromatography on DEAE-cellulose and phosphocellulose and by sedimentation in glycerol gradients as described by Kacian and Spiegelman (14) . Both the holoenzyme and the isolated a-subunit were also obtained by the procedure of Hurwitz and Leis (15) . In both purifications, EDTA was omitted from all solutions. The purified polymerases were stored under liquid nitrogen in buffer A: [20% glycerol, 50 mM Tris -HCl (pH 8.0), 0.6 mM dithiothreitol]. DNA polymerase from Rauscher murine leukemia virus was purified by chromatography on Sephadex and phosphocellulose (15) . The large DNA polymerase from phytohemagglutinin-stimulated human lymphocytes (16) was purified as outlined by Lewis et al. (17) . DNA polymerase of sea urchin nuclei (18) and E. coli DNA polymerase I (2, 19) were purified as described.
Contamination. Solutions were made "metal-free" by either passing them over columns packed with the chelating resin, Chelex-100, (2), or by repetitively mixing them directly with one-tenth volume of Chelex beads and removing the Chelex by centrifugation (9) . Each of the reagents used in the assay or in the final step of the purification contained less than 0.1 ,uM zinc, as determined by atomic absorption spectroscopy. All laboratory vessels were washed with 0.1 mM o-phenanthroline and distilled water to render them "zinc-free," and all solutions were stored in polyethylene bottles.
Electrofocusing and Atomic Absorption Spectroscopy. 
RESULTS
Inhibition of AMV DNA Polymerases by a Metal Chelator. The inhibition of DNA polymerases by chelating agents suggests that these enzymes contain divalent cations essential for their activity. The chelating agent 0.8 mM 1,10-phenanthroline (o-phenanthroline) has been shown to cause a 90% reduction in AMV DNA polymerase activity (9) . This inhibition was not due to chelation of the added divalent cation since in these assays Mg2+ was present in excess (10 mM) and o-phenanthroline has a 105 less affinity for Mg2+ than Zn2+ (22) . Figure 1 shows that the inhibition of AMV DNA polymerase by o-phenanthroline is time-dependent. The initial inhibition can be lowered by diluting the o-phenanthroline from 0.8 mM to a final concentration of 0.16 mM. With time, however, simple dilution is insufficient to reverse the inhibition of polymerase activity.
The nature of the immediate inhibition of AMV DNA polymerase by o-phenanthroline was analyzed by observing the effects of varying separately each of the components in the assay. Fig. 2A shows that the initial effect of o-phenanthroline on AMV DNA polymerase is noncompetitive with the substrate, dTTP. The reciprocal activity plotted against the reciprocal concentration of the poly(rA) oligo(dT) complex in the absence and the presence of different amounts of ophenanthroline is shown in Fig. 2B . Since the inhibition is not competitive, the results suggest that o-phenanthroline and the template-initiator complex, poly(rA) -oligo(dT), do not interact at the same site on the enzyme. This is in contrast to studies on terminal transferase (23) and sea urchin nuclear DNA polymerase (1) in which the initiator or the template-initiator complex, respectively, appears to be competitive with o-phenanthroline.
Presence of Zinc in AMV DNA Polymerase. Purified AMV DNA polymerase consists of two polypeptide chains in equimolar amounts: an active a-subunit (molecular weight of 60,000-70,000) and a a-subunit (molecular weight of 105,000-115,000) of unknown function (13, 14, 24) . Precise chemical determination of zinc is difficult because the enzyme is obtainable only in relatively small amounts, and zinc, being a rather ubiquitous cation, is a contaminant of most reagents and laboratory vessels. For removal of any contaminating unbound cations, purified AMV DNA polymerase was subjected to isoelectric focusing, before the content of zinc and other metals was measured by atomic absorption spectroscopy.
As previously reported (9) , zinc is coincident with polymerase activity after the holoenzyme, containing both the a-and ,B-subunits, is subjected to isoelectric focusing (Fig. 3) . No detectable amounts of Fe, Cu, or Ni were found in the holoenzyme by atomic absorption spectroscopy. The sensitivity of the method is such that if these metals are present, the stoichiometry is less than 0.2 g-atom/mole. It is unlikely that during electrofocusing the enzyme sequestered zinc by nonspecific metal-protein binding, because electrofocusing of bovine serum albumin (pI 5.5) at a concentration 50 times that of the enzyme produced no zinc peak. Moreover, the zinc peak cannot be explained by coincidental binding of zinc to particular carrier ampholytes because no zinc peak appears in the same fractions from a column to which no protein was added. From the specific activity of a homogeneous sample of polymerase assayed at the same time, we estimate the polymerase concentration of the peak fraction to be 6.5 MM. The zinc concentration is about 8 ,uM, giving. a stoichiometry of 1.3 g-atoms of Zn per mole of enzyme.
A similar analysis of the active a-subunit yielded a value of 1.2 g-atom/mole (9) .
Exchangeability of Enzyme-Bound Zinc. Even though the enzyme-bound zinc is not removable by electrofocusing, it appears to be exchangeable with inorganic Zn2+. Exchange was accomplished by incubating the purified polymerase with excess OZn2+, extensively dialyzing the mixture against "zinc-free" reagents, and reisolating the enzyme by isoelectric focusing. As seeen in Fig. 4 , the radioactive 65Zn profile coincides with polymerase activity and there is no accumulation of 65Zn at the cathode, indicating that the unbound 65Zn was removed by dialysis and the remaining OZn is tightly bound to the enzyme. In contrast, when similar experiments are carried out with a zinc-free protein, bovine serum albumin AMV DNA polymerase (50 ,g) was subjected to electrofocusing in "mini-columns," as detailed in Materials and Methods. DNA polymerase activity was measured on 5SMl aliquots of each fraction, and metal was analyzed. The position of bovine serum albumin (BSA) and inorganic Zn was determined in separate experiments. The pH distribution was essentially the same in all three gradients.
(1), a small amount of uZn is not removed by dialysis. Upon electrofocusing the remaining 65Zn is not tightly bound since it migrates to the cathode and is not coincident with the albumin, pI 5.5 (Fig. 4, lower jg of 65Zn-labeled AMV DNA polymerase (Fig. 4) was first subjected to open dialysis against "zinc-free" buffer A. Then it was dialyzed against a similar buffer, which contained 0.8 mM ophenanthroline for 4 hr at 100. At the time indicated, the amount of 65Zn remaining in the dialysis tubing was determined by gamma spectroscopy, and DNA polymerase activity was determined on 10-Mul aliquots. At 4 hr, the retentate was divided into equal por- Correlation of Zinc with Polymerase Activity. In order to demonstrate unambiguously that an enzyme is a zinc metalloenzyme, it is necessary to show that the bound zinc is required for activity. Since the viral polymerase is only available in minute amounts, it was necessary to quantitate zinc content by measuring radioactivity using the 65Zn-labeled polymerase. In the absence of o-phenanthroline, dialysis against "zincfree" buffer was without effect for as long as 8 hr. As shown in Fig. 5 , upon addition of. o-phenanthroline to the buffer, the activity of the 65Zn-labeled polymerase decreases at a rate similar to that observed with the nonlabeled enzyme (Fig. 1) . The loss of activity is not reversible by simple dilution, since in this experiment (Fig. 5) , the o-phenanthroline concentration in the dialyzed enzyme was decreased 10-fold in the assay. The initial loss of 65Zn from the enzyme during dialysis appears slower than the decrease in polymerase activity. The lag in the loss of 65Zn can be accounted for by time required for 65Zn and o-phenanthroline to diffuse across the dialysis membrane. By 2 hr, both the polymerase activity and the zinc content decreased 75%. Most importantly, dialysis against 0.4 mM ZnCl2 results in the full restoration of polymerase activity within 1 hr, while dialysis against a buffer containing only contaminating amounts of Zn (0.1 MM) results in a slight increase in polymerase activity. In other experiments it was found that if the polymerase was inactivated by more than 80% or maintained inactive for more than 2 hr, only partial restoration of activity was achieved by dialysis against zinc. It is possible that the zinc-free apoenzyme is unstable and easily inactivated irreversibly. After total inactivation by o-phenanthroline, complete restoration of polymerase activity can be achieved by dialysis against zinc in a nitrogen atmosphere. So far, we have not been able to achieve significant restoration of polymerase by dialysis even under nitrogen of the "zinc-free" enzyme against other divalent cations (Co2+, Mn2+, Mg2+, Ni2+, Hg2+, Cd2+, or Fe2+). Fig. 6 . Each enzyme was dialyzed against 0.8 mM o-phenanthroline at 50, and activity was determined after the enzymes were diluted so that the maximal concentration of o-phenanthroline in the final assay was noninhibitory (less than 80,MM). The DNA polymerases from Rauscher murine leukemia virus and avian myeloblastosis virus were inactivated within 90 min. On the other hand, the time required for inactivation of the cellular enzymes was an order of magnitude greater.
DISCUSSION
The obligatory requirement for enzyme-bound zinc for the activity of DNA polymerase from AMV establishes this enzyme as a zinc metalloenzyme. It strengthens the hypothesis that all DNA polymerases are zinc metalloenzymes (1) and suggests that the fundamental mechanism of catalysis by DNA polymerases from oncogenic RNA viruses is the same as that of DNA polymerases from animal cells.
The stoichiometry between zinc and AMV DNA polymerase deserves some comment. After the holoenzyme is subjected to isoelectric focusing, analysis for zinc by atomic absorption spectroscopy yields about 1.3 content in our studies results from contamination of the polymerase with other proteins or from removal of the zinc from the polymerase during electrofocusing. Alternatively, one of the zinc atoms might not be required for activity. The homogeneous AMV DNA polymerase used in our studies (13) had a specific activity of about 5000 nmoles of dTTP incorporated per 30 min/mg at 370, which is equal to or greater than that reported by Auld et al. (11) . In initial studies, E. coli DNA polymerase I was reported to have 1.7-2.5 g-atom of zinc per mole of enzyme (1). However, after prolonged dialysis against metal-free buffers, the zinc content of the active enzyme was consistently found to be 1.0 i 0.15 g-atom/mole (2). There was a proportional reduction of polymerase activity and zinc content only after the remaining zinc was removed by dialysis against o-phenanthroline.
The obligatory requirement for zinc of E. coli DNA polymerase I and of AMV DNA polymerase suggests either that the metal participates in catalysis or that the metal is a structural component of the enzyme necessary for activity. Kinetic and binding studies on related enzymes suggest that enzyme-bound zinc coordinates with the 3'-OH terminus of the initiator. With sea urchin DNA polymerase, inhibition by o-phenanthroline is competitive with DNA in the reaction mixture (1). A similar competition was initially observed by Chang and Bollum (23) with calf thymus terminal transferase, an enzyme that polymerizes nucleotides on to the 3'-OH terminus of a DNA initiator but does not require a DNA template. E. coli RNA polymerase has also been reported to contain zinc (25) , and binding studies using equilibrium dialysis suggest that o-phenanthroline interferes with coordination of the enzyme to the initiating purine nucleotide triphosphate. Furthermore, studies on E. coli DNA polymerase I using nuclear quadrupolar relaxation indicate that oligonucleotides but not deoxynucleotide triphosphates can displace Br-ions from the enzyme-bound zinc (2) . In contrast to these studies, we find that with AMV DNA polymerase the inhibition by o-phenanthroline is not competitive with the templateinitiator, poly(rA) -oligo(dT), suggesting a possible difference in the mechanism of inactivation.
Metabolic and nutritional studies (26, 27) 
